Presenilin mutations result in exaggerated endoplasmic reticulum (ER) calcium release in cellular and animal models of Alzheimer's disease (AD). In this study, we examined whether dysregulated ER calcium release in young 3xTg-AD neurons alters synaptic transmission and plasticity mechanisms before the onset of histopathology and cognitive deficits. Using electrophysiological recordings and two-photon calcium imaging in young (6 -8 weeks old) 3xTg-AD and non-transgenic (NonTg) hippocampal slices, we show a marked increase in ryanodine receptor (RyR)-evoked calcium release within synapse-dense regions of CA1 pyramidal neurons. In addition, we uncovered a deviant contribution of presynaptic and postsynaptic ryanodine receptor-sensitive calcium stores to synaptic transmission and plasticity in 3xTg-AD mice that is not present in NonTg mice. As a possible underlying mechanism, the RyR2 isoform was found to be selectively increased more than fivefold in the hippocampus of 3xTg-AD mice relative to the NonTg controls. These novel findings demonstrate that 3xTg-AD CA1 neurons at presymptomatic ages operate under an aberrant, yet seemingly functional, calcium signaling and synaptic transmission system long before AD histopathology onset. These early signaling alterations may underlie the later synaptic breakdown and cognitive deficits characteristic of later stage AD.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disorder characterized clinically by cognitive impairments and histopathologically by amyloid plaques, neurofibrillary tangles, and synaptic loss. AD is defined by these late-stage deficits, but identifying early pathogenic mechanisms has primarily been elusive except for increased endoplasmic reticulum (ER) calcium release linked to presenilin (PS) mutations. Dysregulated ER calcium is increasingly implicated as a pathogenic factor in AD (LaFerla, 2002; Mattson and Chan, 2003; Stutzmann, 2007) and is observed across several mutant PS1-expressing systems, mouse models, and human fibroblasts (Ito et al., 1994; Guo et al., 1996; Leissring et al., 1999; Stutzmann et al., 2004 Stutzmann et al., , 2006 .
There are several mechanisms proposed for the effects of mutant PS on calcium signaling. Bezprozvanny and colleagues suggest that the function of mutant PS as an ER leak channel is impaired, resulting in overfilled ER calcium stores (Tu et al., 2006; Nelson et al., 2007) . Alternatively, mutant PS1 may increase the IP 3 receptor (IP 3 R) channel open probability at normally threshold IP 3 concentrations, thereby increasing calcium release (Cheung et al., 2008) . We and others propose that PS1-mediated calcium dysregulation is primarily mediated through ryanodine receptor (RyR) upregulation (Smith et al., 2005; Stutzmann et al., 2006 Stutzmann et al., , 2007 . Consistent with this, the PS1 N-terminal region binds to and potentiates RyR activity (Rybalchenko et al., 2008) , and mutant PS1 may represent a gain of function. Regardless of mechanism, it is evident that mutant PS increases ER calcium release long before histopathology onset.
ER calcium signaling has a central role in neuronal physiology, synaptic transmission, and plasticity (Berridge, 1998; Verkhratsky, 2002; M. K. Park et al., 2008) . Presynaptically, calcium is fundamental in neurotransmitter release and paired pulse facilitation (PPF) (Bouchard et al., 2003) (but see Carter et al., 2002) . Postsynaptically, ER calcium integrates with synaptically evoked responses (Ross et al., 2005; Watanabe et al., 2006) , modulates membrane excitability and channel function (Stutzmann et al., 2003; Hagenston et al., 2008) , and initiates gene transcription (Mellström and Naranjo, 2001; Watanabe et al., 2006) . Long-term synaptic plasticity is also modulated by ER calcium signaling. Blocking ER calcium obstructs longterm potentiation (LTP) expression, whereas recruitment of ER calcium can reverse polarity from LTP to long-term depression (LTD) (Obenaus et al., 1989; Nishiyama et al., 2000; C. S. Park et al., 2008) .
Previous studies in 3xTg-AD and other AD mouse models have examined hippocampal plasticity and found no functional alterations until the onset of ␤-amyloid (A␤) deposition (Oddo et al., 2003; Rowan et al., 2003) . In addition, numerous studies have implicated various A␤ species in synaptic impairments (Townsend et al., 2006; Selkoe, 2008; Shankar et al., 2008) . However, given the early and dramatic calcium dysregulation in the 3xTg-AD mice and considering the critical role of calcium in synaptic function, we further investigated the impact of aberrant RyR-calcium release on synaptic activity in young 3xTg-AD mice before A␤ deposition. Here, we uncover marked differences in the utilization of RyR-calcium stores that affect both basal synaptic transmission and plasticity in the 3xTg-AD mice.
Materials and Methods

Transgenic mice
Six-to 8-week-old triple transgenic (3xTg-AD) mice and age-matched non-transgenic (NonTg) controls were used in all experiments. The derivation and characterization of the 3xTg-AD (APPswe, Tau P301L , and PS1 M146V KI) mice have been described previously (Oddo et al., 2003) . NonTg control mice were of the same background strain (129/C57BL/6) as the 3xTg-AD mice.
Hippocampal slice preparation
Transverse hippocampal slices were prepared in observance with protocols approved by the Rosalind Franklin University Institutional Animal Care and Use Committee. Briefly, mice were deeply anesthetized with halothane in an enclosed chamber and decapitated. The brains were rapidly extracted, and transverse hippocampal slices (400 m for field potential recordings and 300 m for patch-clamp/imaging experiments) were cut with a Vibroslice oscillating microslicer (Campden Instruments) into ice-cold oxygenated artificial CSF (aCSF) with the following composition (in mM): 125 NaCl, 2.5 KCl, 1.25 KH 2 PO 4 , 10 dextrose, 25 NaHCO 3 , 2 CaCl 2 , and 1.2 MgSO 4 , pH 7.4 (Stutzmann et al., 2003) . Intact slices were placed in a holding chamber containing aCSF at room temperature (27°C) and oxygenated with 95% O 2 -5% CO 2 . For recording extracellular field potentials, slices were transferred to an interface chamber (Harvard Apparatus) and perfused with oxygenated aCSF (1.5 ml/min) at room temperature (27°C) and covered with a continuous flow of humidified gas (95% O 2 -5% CO 2 ).
Field potential recordings and drug treatment protocol
Data were acquired at 10 kHz using pClamp 9.2 software with an Axoclamp 2B amplifier and a DigiData 1322 board for digitization (Molecular Devices). Field EPSP (fEPSPs) were recorded in the stratum radiatum of the CA1 subfield of the hippocampus at room temperature (27°C) using recording microelectrodes (2-6 M⍀) filled with standard aCSF. Microelectrodes were pulled from glass capillaries (World Precision Instruments) on a P-2000 pipette puller (Sutter Instruments). Synaptic responses were evoked by stimulation of the Schaffer collateral/commissural pathway with a bipolar stimulating electrode. Baseline fEPSPs were evoked at 50% of the maximum fEPSP at 0.05 Hz for 20 min before and for 1 h after induction of LTP. LTP was induced at baseline intensity using high-frequency stimulation consisting of two trains of 100 Hz at a 10 s interval. Input/output (I/O) curves were generated using stimulus intensities from 0 to 225 A in increments of 25 A. PPF was assessed using an interstimulus interval of 50 ms. Ten successive traces were recorded for PPF at 0.05 Hz. In protocols with drug treatment, a 20 min baseline at 0.05 Hz was recorded in aCSF, after which dantrolene (RyR antagonist, 10 M; Tocris Bioscience), caffeine (RyR agonist, 5 mM; Sigma-Aldrich), or [adenosine A 1 receptor (A 1 R) antagonist, 1 M; Sigma-Aldrich] in aCSF was perfused continuously over the slice. The same stimulus was used to record a 20 min baseline in the drug, after which LTP was induced, followed by a 1 h baseline in the drug. Apamin (SK channel antagonist, 1 M; Sigma-Aldrich) was used in the I/O protocol.
Picrotoxin (GABA A receptor antagonist, 50 M; Sigma-Aldrich) had been tested in initial field potential experiments in both NonTg and 3xTg-AD slices but was not used in the experiments presented in this study. We analyzed data with and without picrotoxin and found no significant differences between them (I/O, t (1,10) ϭ 0.54, p Ͼ 0.05; PPF, t (1,10) ϭ 0.17, p Ͼ 0.05; LTP, t (1,10) ϭ 1.47, p Ͼ 0.05; n ϭ 7 for aCSF, n ϭ 5 for picrotoxin). We feel this reflects the anatomical characteristics of the medial and distal portions of the stratum radiatum of the CA1 subfield, in which we placed our recording electrodes, which receive sparse GABAergic inputs (Megías et al., 2001) . For clarity, the data shown include only non-picrotoxin conditions.
Patch-clamp recordings and two-photon calcium imaging
Whole-cell recordings and solutions. In a separate set of experiments, visualized whole-cell patch-clamp recordings were performed using infrared-differential interference contrast optics. Slices were placed in a perfusion chamber mounted on a movable stage assembly on a fixed upright microscope (BX51WI; Olympus). Patch pipettes (4 -5 M⍀) were pulled from borosilicate glass capillaries (World Precision Instruments) and filled with the following (in mM): 135 K-methylsulfonate, 10 HEPES, 10 Na-phosphocreatine, 2 MgCl 2 , 4 NaATP, and 0.4 NaGTP, pH adjusted to 7.3-7.4 with KOH (as well as 50 M fura-2) (Invitrogen). Recordings were performed at room temperature (27°C). In these experiments, TTX was not included in the bath solution because previous experiments showed no differences in the spontaneous synaptic events in pyramidal neurons from NonTg or 3xTg-AD mice, with or without TTX (frequency, p ϭ 0.34; amplitude, p ϭ 0.65, respectively). This likely reflects the lack of spontaneous action potentials in the slice preparation. Signals were acquired at 1 kHz using a MultiClamp 700B amplifier (Molecular Devices) and analyzed using pClamp 10.0 software. Access resistance was continually monitored, and cells were used for recording only if the access resistance was maintained at Ͻ7 M⍀.
Calcium imaging. Imaging of fluorescent calcium signals was performed using a custom built two-photon microscope. In brief, excitation was provided by trains (80 MHz) of ultra-short (Ͻ100 fs) pulses at 780 nm from a titanium/sapphire laser (Mai Tai Broadband; Spectra Physics) pumped by a solid-state laser (Millenia 5X; Spectra Physics). The laser beam was scanned by a resonant galvanometer (General Scanning Lumonics) allowing rapid (7.9 kHz) bidirectional scanning in the x-axis and by a conventional linear galvanometer in the y-axis, to provide a framescan rate of 30 frames/s. The scanned beam was focused onto the specimen through a 40ϫ water-immersion objective (numerical aperture 0.8). Emitted fluorescence light was collected through the same objective and, after passing through a short-pass filter (Ͻ650 nm) to block laser light, was detected by a wide-field photomultiplier (Electron Tubes) mounted on the photo-port of the trinocular head. Data were obtained using fura-2 as the calcium ion indicator. Two-photon excitation of fura-2 at 780 nm is equivalent to conventional (one-photon) excitation at 380 nm, in that it shows a decrease in fluorescence on binding calcium ions rather than an increase as with most other indicators. The basal fluorescence is thus high, facilitating identification of cellular structures and measurement of small calcium increases over the resting level. Second, fura-2 shows a large dynamic range, with the fluorescence intensity changing Ͼ10-fold from resting to saturating [Ca 2ϩ ]. Fura-2 was chosen for this study based on these reasons and after assays of multiple fluorescent Ca 2ϩ indicators were performed examining a range of K d values (50 M to 140 nM). For clarity of presentation, images and traces of fura-2 fluorescence were expressed as a pseudo-ratio F 0 /⌬F (where F 0 is resting fluorescence and ⌬F is the decrease of fluorescence on stimulation), so that increases in [Ca 2ϩ ] correspond to increasing ratios, and fura-2 produced the highest fluorescent signal with little saturation or phototoxicity.
RNA extraction and reverse transcription
Total mouse hippocampal RNA was extracted and purified from 20 -40 mg samples (wet weight) dissected from young (6 -8 weeks old) 3xTg-AD and NonTg animals using TRI Reagent and the corresponding protocol (Invitrogen). RNA was constituted in sterile, nuclease-free water, and sample concentrations were determined spectrophotometrically at DO 260nm . After DNase treatment of 1 g of total RNA (DNAfree kit; Ambion), dNTP and random primers were used for cDNA synthesis using the High Capacity Reverse Transcription kit (Applied Biosystems) and associated protocol.
Quantitative real-time PCR
One microliter of the resulting cDNA products was evaluated using realtime PCR. Target genes were amplified and evaluated using the 7500 RT PCR System and SYBR green detection (Applied Biosystems). Cycling parameters were as follows: 2 min at 50°C, 10 min at 95°C, and then 40 cycles at 95°C for 15 s, followed by 60°C for 60 s. A dissociation phase was added to the end of each cycle to determine product purity. Oligonucle-otide primers were synthesized by Invitrogen for target gene amplification. Cyclophilin A was used as an endogenous control (housekeeping) gene. Primer sequences are as follows: RyR1: forward (F), 5Ј-TCTTCCCTGCTG-GAGACTGT-3Ј; reverse (R), 5Ј-GTGGA-GAAGGCACTTGAGG-3Ј; RyR2: F, 5Ј-TCAAACCACGAACACATTGAGG-3Ј; R, 5Ј-AGGCGGTAAAACATGATGTCAG-3Ј; RyR3: F, 5Ј-CTGGCCATCATTCAAGGTCT-3Ј; R, 5Ј-GTCTCCATGTCTTCCCGTA-3Ј; CycloA: F, 5Ј-GGCCGATGACGAGCCC-3Ј; R, 5Ј-TGTCTTTGGAACTTTGTCTGCAAAT-3Ј. Primer specificities were validated by the presence of a single amplicon for each primer set at the predicted sizes (95, 125, and 83 bp for RyR1, RyR2, and RyR3, respectively) after agarose gel electrophoresis of PCR products and ethidium bromide detection. Product purity was supported by the presence of a single peak present on dissociation/melt curves for each primer set. Each sample was evaluated in triplicate. Amplification data were analyzed using the comparative cycle threshold (⌬⌬C t ) method after normalization to Cyclophilin A and are represented as mean Ϯ SEM relative mRNA expression levels. A two-tailed t test was used to determine statistical significance.
Data analysis and statistics
For LTP recordings, maximum fEPSP slopes were measured offline using pClamp 9.2 software and analyzed using Origin Pro8 and Microsoft Excel software. The maximum fEPSP slopes were expressed as a percentage of the average slope from the 20 min baseline recordings. PPF fEPSP amplitudes were measured offline using the same software and expressed as a ratio of second fEPSP amplitude over first fEPSP amplitude. For I/O curves, the first 5 ms of the fEPSP slopes were measured offline using the same software. Data are expressed as mean ϮSEM and assessed for significance using the Student's two-tailed t test or paired t test, or one-way ANOVA with Scheffé's post hoc analysis, where n denotes the number of slices examined unless otherwise stated. For calcium imaging and intracellular recordings, relative changes in maximal intracellular calcium were calculated after background subtraction as a pseudo-ratio based on changes in fura-2 fluorescence intensity levels relative to baseline (Stutzmann et al., 2003 (Stutzmann et al., , 2004 . Statistical differences in evoked calcium responses between the NonTg and 3xTg-AD neurons were determined by unpaired t tests. For determining significance in cumulative probability histograms, nonparametric Kolmogorov-Smirnov (K-S) tests were performed using Origin Pro8 software.
Results
Enhanced RyR-evoked calcium release within 3xTg-AD CA1 neuronal compartments: effects on spontaneous postsynaptic potentials Hippocampal CA1 pyramidal neurons from 6-to 8-week-old mice were visually selected based on morphology and confirmed electrophysiologically (Shelbourne et al., 2007) . Once whole-cell configuration was established, the calcium indicator dye fura-2 diffused throughout the cell for 10 min before imaging. Baseline fluorescence was not different between NonTg and 3xTg-AD neurons at rest ( p Ͼ 0.05; data not shown). Caffeine (5 mM) was bath applied for 1 min, and maximal relative calcium changes from baseline were measured either in the soma/proximal dendrite regions or distal dendrites/spines in the CA1 stratum radiatum subfield, followed by a 10 min washout period (Fig. 1 ). This relatively low caffeine dose was chosen for this study based on its threshold calcium response in the NonTg mice and minimal epileptiform activity via disinhibition of the adenosine A 1 receptor in field potential recordings. In the soma/proximal dendrite regions, RyR activation evoked a significantly greater calcium response in the 3xTg-AD neurons (F 0 /⌬F ϭ 0.17 Ϯ 0.05, n ϭ 5) compared with the NonTg mice (F 0 /⌬F ϭ 0.02 Ϯ 0.03, n ϭ 5; t (1,9) ϭ 2.7; p Ͻ 0.05). In the distal dendrites, there was a significantly greater caffeine-evoked calcium response from 3xTg-AD mice (F 0 /⌬F ϭ 0.16 Ϯ 0.04, n ϭ 12) relative to NonTg (F 0 /⌬F ϭ 0.018 Ϯ 0.01, n ϭ 13; t (1,24) ϭ 0.11 Ϯ 0.03), and, in spine heads, there was a significant 12-fold increase in the RyR-calcium response from 3xTg-AD mice (F 0 /⌬F ϭ 0.18 Ϯ 0.02, n ϭ 98) relative to NonTg (F 0 /⌬F ϭ 0.015 Ϯ 0.01, n ϭ 25; t (1,122) ϭ 2.7; p Ͻ 0.05).
With the concurrent patch-clamp recordings, spontaneous postsynaptic potentials were recorded for a period of 30 -60 s in both control aCSF and 5 mM caffeine for NonTg and 3xTg-AD neurons (n ϭ 4 in each condition), and their amplitude and frequency characteristics were analyzed using MiniAnalysis software (version 6.0.9; Synaptosoft). As shown in Figure 1 , F and G, cumulative probability histograms of event amplitudes demonstrate that caffeine significantly increases the amplitude (rightward shift) of spontaneous potentials only in the 3xTg-AD neurons relative to NonTg responses in aCSF and caffeine and 3xTg-AD responses in aCSF (K-S test, p Ͻ 0.05). Similarly, for analysis of interevent intervals, caffeine significantly increased the frequency of event responses (leftward shift) for the 3xTg-AD neurons in caffeine relative to NonTg and 3xTg-AD neurons in aCSF (K-S test, p Ͻ 0.05). Notably, baseline 3xTg-AD responses in aCSF were also shifted leftward relative to NonTg responses in either aCSF or caffeine (K-S test, p Ͻ 0.05). Averaged event amplitude and frequency values are shown in Figure 1H , and, in each bar graph, significant increases are demonstrated only in the 3xTg-AD/ caffeine conditions relative to NonTg values (amplitude: one-way ANOVA, F (3,15) ϭ 3.9, p Ͻ 0.05, Scheffé's post hoc analysis, p Ͻ 0.05 for 3xTg-AD/caffeine vs 3xTg-AD/aCSF, NonTg/aCSF, and NonTg/ caffeine; frequency: one-way ANOVA, F (3,15) ϭ 5.4, p Ͻ 0.05, Scheffé's post hoc analysis, p Ͻ 0.05 for 3xTg-AD/ caffeine vs NonTg/ aCSF and NonTg/caffeine). This indicates that RyR activation increases the average spontaneous postsynaptic potential amplitude, generally considered a postsynaptic measure, in the 3xTg-AD neurons but has no significant effects in NonTg neurons. In addition, baseline event amplitudes are not different between NonTg and 3xTg-AD mice in control aCSF. A similar pattern exists for their frequency, which is generally considered a measure of presynaptic activity and vesicle release. Here, RyR activation increases frequency in the 3xTg-AD neurons relative to NonTg neurons (either in aCSF or caffeine) but not in relation to 3xTg-AD neurons in aCSF.
RyR2 mRNA levels are upregulated in young 3xTg-AD mice To elucidate a possible mechanism for aberrant RyR-mediated ER calcium utilization in 3xTg-AD mice, we compared mRNA expression levels of the three RyR isoforms between NonTg and 3xTg-AD mice using quantitative reverse transcription-PCR (Fig. 2) . The RyR mRNA levels from NonTg and 3xTg-AD mice were normalized to expression levels of Cyclophilin A. There were no differences in RyR1 (n ϭ 3, t (1,2) ϭ 1.45; p Ͼ 0.05) or RyR3 expression levels (n ϭ 5, t (1,4) ϭ 0.67; p Ͼ 0.05) between NonTg and 3xTg-AD mice. However, RyR2 mRNA expression levels were significantly increased in the hippocampus of 3xTg-AD mice relative to the NonTg controls (n ϭ 5, t (1,5) ϭ 3.53; p Ͻ 0.05). Therefore, RyR2 upregulation may underlie the exaggerated RyR-mediated ER calcium release and altered synaptic transmission properties in young 3xTg-AD mice.
Aberrant contribution of RyR-evoked calcium to synaptic transmission in 3xTg-AD neurons Extracellular field potential recordings were used to study synaptic transmission in the hippocampal CA1 subfield from NonTg and 3xTg-AD mice. In control aCSF, there were no apparent differences in basal synaptic transmission between NonTg (n ϭ 15) and 3xTg-AD (n ϭ 26) mice as determined by the first 5 ms of the slope of the I/O functions (t (1,39) ϭ 0.28; p Ͼ 0.05) (Fig. 3A) . However, during RyR blockade with 10 M dantrolene, very different patterns of synaptic activity emerged (Fig. 4 A-C) . Dan- Figure 2 . Upregulation of the RyR2 isoform in 3xTg-AD hippocampus. Bar graphs show relative mRNA expression levels of RyR1 (top), RyR2 (middle), and RyR3 (bottom) isoforms from the hippocampus of NonTg (black) and 3xTg-AD (gray) mice. To the right of each graph are the PCR products detected on an agarose gel along with relevant positive and negative controls for each RyR isoform. mRNA levels are relative to control Cyclophilin A levels. *p Ͻ 0.05, significantly different from NonTg levels. Error bars represent ϮSEM.
trolene treatment had little effect on basal synaptic transmission in NonTg mice (n ϭ 5; t (1,4) ϭ 1.92; p Ͼ 0.05), whereas in the 3xTg-AD mice, blocking the RyR resulted in a significantly greater I/O function (n ϭ 9; t (1,8) ϭ 6.17; p Ͻ 0.05). These findings are consistent with RyR-evoked calcium release activating postsynaptic calcium-activated K ϩ channels, likely the SK channels, which mediate the medium afterhyperpolarization and suppress membrane excitability (Stutzmann et al., 2006; Brennan et al., 2008) . To assess the role of SK channels in synaptic transmission, we compared the I/O function after blocking these channels with 1 M apamin (Fig. 4 D, E) . In parallel with the effects of dantrolene, apamin had no effect in NonTg mice (n ϭ 3; t (1,2) ϭ 0.5; p Ͼ 0.05) yet significantly increased the I/O function in 3xTg-AD mice at higher stimulus intensities (n ϭ 4; t (1,3) ϭ 5.84; p Ͻ 0.05). Plotting presynaptic fiber volley (FV) amplitude with postsynaptic fEPSP slopes suggest that neither dantrolene nor apamin altered the properties of presynaptic fibers in NonTg or in 3xTg-AD mice (one-way ANOVA, F (1,17) ϭ 1.62; p Ͼ 0.05) (data not shown).
Short-and long-term plasticity are differentially modulated by RyR-evoked calcium release in 3xTg-AD neurons Presynaptic short-term plasticity was measured by PPF, a form of calcium-dependent plasticity and an indicator of neurotransmitter release probability. In control aCSF (Fig. 3B) , PPF was similar between NonTg (n ϭ 21) and 3xTg-AD (n ϭ 33) mice, yet distinctions arise between the mouse strains when manipulating RyR-sensitive calcium stores ( Fig. 4G-I ). Although dantrolene treatment had no observable effects in NonTg mice (n ϭ 5), it significantly increased PPF in 3xTg-AD mice (n ϭ 9, PPF; one-way ANOVA, F (3,13) ϭ 16.68; p Ͻ 0.05, Scheffé's post hoc analysis, p Ͻ 0.05 for 3xTg-AD/dantrolene vs 3xTg-AD/aCSF, NonTg/aCSF, and NonTg/dantrolene). This suggests that presynaptic RyRsensitive calcium stores are functionally active and contribute to the readily releasable pool of neurotransmitter vesicles in the 3xTg-AD mice but less so in the NonTg mice.
LTP was measured by normalizing the posttetanus fEPSP slope to the pretetanus fEPSP slope values. At 6 -8 weeks of age, LTP appeared similar between the two strains of mice [t (1,11) ϭ 0.31; p Ͼ 0.05; 78.26 Ϯ 2.0% over baseline for NonTg mice (n ϭ 7) and 80.66 Ϯ 2.3% over baseline for 3xTg-AD mice (n ϭ 6)] (Fig. 3C) . It is well established that ER calcium stores are involved in LTP mechanisms. When both baseline and posttetanic responses are measured in the presence of a RyR blocker, LTP is essentially abolished (Obenaus et al., 1989) . However, this approach does not take into account drug treatment effects on baseline responses. In this study, we performed a more extensive three-step protocol by recording baseline responses in control aCSF, followed by a new baseline recording in 10 M dantrolene, and then administering the tetanus and measuring potentiation in dantrolene. This allows comparison of LTP expression against both a control baseline and a drug treatment baseline. With this approach, striking differences in RyR-evoked calcium utilization were observed between NonTg and 3xTg-AD mice (Fig. 5) . In NonTg mice (n ϭ 7), there was no change in the baseline fEPSP slope after treatment with dantrolene (5.84 Ϯ 1.7% over aCSF baseline; t (1,6) ϭ 0.91; p Ͼ 0.05), although LTP was reduced when compared with its control aCSF baseline (32.62 Ϯ 2.3% over baseline). In 3xTg-AD mice (n ϭ 5), there was a significant decrease in baseline fEPSP slope after dantrolene application (34.85 Ϯ 2.3% below aCSF baseline; t (1,4) ϭ 12.22; p Ͻ 0.05) and modest LTD when compared with control aCSF baseline (17.07 Ϯ 1.2% below baseline). Nevertheless, when compared with baseline in dantrolene, LTP was essentially abolished in both NonTg (25.29 Ϯ 1.4%) and 3xTg-AD (7.02 Ϯ 1.9%) mice, in accordance with previous studies (Obenaus et al., 1989) . To monitor long-term dantrolene effects on baseline responses in NonTg and 3xTg-AD mice, we applied 10 M dantrolene for 60 min (LTP protocol duration) and measured baseline synaptic responses at 0.05 Hz (supplemental Fig. 2 A, B , available at www. jneurosci.org as supplemental material). We demonstrate here that long-term dantrolene exposure generates a stable response over time in both the NonTg (2.77 Ϯ 1.0% over aCSF baseline; t (1,4) ϭ 1.2; p Ͼ 0.05) and 3xTg-AD (38.36 Ϯ 1.3% below aCSF baseline; t (1,3) ϭ 9.22; p Ͻ 0.05) mice. Therefore, the differential responses in LTP expression are not attributable to shifting baseline values. Divergent synaptic responses to stimulus intensity with RyR blockade in 3xTg-AD mice In 3xTg-AD mice, the dantrolene-mediated reduction in baseline fEPSP (as measured before the LTP tetanus) (Fig. 5A) is consistent with the observed increase in PPF (indicative of decreased synaptic strength). However, this finding appears in conflict with the increased I/O function during dantrolene application, especially at higher stimulus intensities. To address this disparity, we recorded fEPSPs in control aCSF using a higher stimulus intensity (75 A rather than ϳ20A), followed by recordings in dantrolene (10 M) at the same stimulus intensity (Fig. 6) . The 75 A stimulation was chosen because it evoked near-maximal fEPSP slope responses. Here, too, dantrolene did not change the baseline fEPSP slope in NonTg mice (2.84 Ϯ 1.9% over aCSF baseline; n ϭ 4; t (1,3) ϭ 0.97; p Ͼ 0.05). However, in 3xTg-AD mice, dantrolene still increased the fEPSP slope at this stimulus intensity (163.45 Ϯ 5.1% over baseline in aCSF; n ϭ 5; t (1,4) ϭ 37.95; p Ͻ 0.05). The effects of dantrolene on PPF using the 75 A stimulus intensity were also examined, and there were no significant differences in the NonTg (n ϭ 4; t (1,3) ϭ 1.34; p Ͼ 0.05) or 3xTg-AD (n ϭ 4; t (1,3) ϭ 0.86; p Ͼ 0.05) mice. To further clarify the disparity between the excitatory and inhibitory role of RyR on synaptic transmission, we next examined the effect of dantrolene on basal synaptic transmission using low stimulus intensities (0 -20 A) (Fig. 4 F) . Dantrolene decreased I/O responses at low stimulus intensities when compared with responses in aCSF in 3xTg-AD mice (t (1,2) ϭ 1.96; p Ͼ 0.05). These findings suggest activitydependent variations in RyR-mediated calcium signaling in presynaptic and postsynaptic neurons of 3xTg-AD mice that are not present in NonTg mice. and 3xTg-AD mice (E, gray) before and after treatment with 1 M apamin, and for 3xTg-AD mice (F, gray) before and after treatment with 10 M dantrolene at low stimulus intensity (0 -20 A). Bottom, I/O function shows changes in fEPSP slope with increasing stimulus intensity for NonTg mice before (A, filled black circles; n ϭ 5) and after (open black circles) and for 3xTg-AD mice before (B, filled gray squares; n ϭ 9) and after (open gray squares), and comparing NonTg (C) (open black circles) and 3xTg-AD (open gray squares) mice after treatment with 10 M dantrolene, for NonTg mice before (filled black circles; n ϭ 3) and after (open black circles) (D), and 3xTg-AD mice before (filled gray squares; n ϭ 4) and after (open gray squares) (E) treatment with 1 M apamin. F, I/O function shows changes in fEPSP slope at low stimulus intensity (0 -20 A) for 3xTg-AD mice before (filled gray squares; n ϭ 3) and after (open gray squares) treatment with 10 M dantrolene. G-I, PPF was measured at an interstimulus interval of 50 ms. Top, Representative PPF traces from NonTg (G, black) and 3xTg-AD (H, gray) mice before (1) and after (2) and comparing NonTg (black) and 3xTg-AD (gray) mice (I ) after treatment with 10 M dantrolene. Bottom, Bar graphs show paired pulse ratio for NonTg (n ϭ 5) (G) and 3xTg-AD (n ϭ 9) (H ) before (black and dark gray, respectively) and after (white and light gray, respectively), and comparing NonTg (white) and 3xTg-AD (light gray) mice after treatment with 10 M dantrolene (I ). * indicates significantly different from 3xTg-AD before dantrolene treatment. ** indicates significantly different from NonTg. Error bars represent ϮSEM, p Ͻ 0.05, and n denotes the number of slices.
Effects of RyR stimulation on basal synaptic transmission and short-term presynaptic plasticity
Basal synaptic transmission and synaptic strength were measured by I/O curves as described (stimulus intensity, 0 -225 A in increments of 25A) and then repeated in the presence of the RyR agonist caffeine (Fig. 7) . In addition to stimulating the RyR, caffeine is also an effective antagonist of the adenosine A 1 receptor that is found in the CA1 hippocampal subfield (Ochiishi et al., 1999; Stutzmann et al., 2001) . Caffeine (5 mM) significantly increased the I/O function for the NonTg (n ϭ 5; t (1,4) ϭ 4.96; p Ͻ 0.05) and 3xTg-AD (n ϭ 6; t (1,5) ϭ 5.14; p Ͻ 0.05) mice, with no significant difference between the two mouse strains in caffeine ( p Ͼ 0.05). Caffeine did not affect the excitability properties of presynaptic fibers in NonTg or 3xTg-AD mice (FV amplitude vs fEPSP slope: one-way ANOVA, F (1,9) ϭ 2; p Ͼ 0.05) (data not shown). Caffeine decreased PPF in NonTg (n ϭ 5) as well as in 3xTg-AD mice (n ϭ 9), although to a greater extent in the 3xTg-AD mice (PPF: one-way ANOVA, F (3,13) ϭ 22.52; p Ͻ 0.05, Scheffé's post hoc analysis, p Ͻ 0.05 for NonTg/caffeine vs NonTg/ aCSF and 3xTg-aCSF; p Ͻ 0.05 for 3xTg-AD/caffeine vs NonTg/aCSF and 3xTg-AD/aCSF).
Effects of RyR stimulation on long-term plasticity
Here we performed the more extensive LTP protocol by recording baseline responses in control aCSF and also in the presence of caffeine (5 mM) and then administering the tetanus and measuring plasticity in caffeine. As with the dantrolene studies, this allowed us to compare the LTP expression against both a control baseline and a drug baseline (Fig. 8) .
There was a substantial increase in baseline fEPSP slopes after caffeine treatment in both NonTg (n ϭ 4; 312.51 Ϯ 5.3% over aCSF baseline; t (1,3) ϭ 67.39; p Ͻ 0.05) and 3xTg-AD (n ϭ 4; 337.23 Ϯ 7.9% over aCSF baseline; t (1,3) ϭ 43.34; p Ͻ 0.05) mice. In NonTg mice after caffeine exposure, LTP was increased when compared with its control aCSF baseline (415.32 Ϯ 9.7%) but essentially abolished when compared with the caffeine baseline (20.25 Ϯ 0.9%). This finding is consistent with depletion of neurotransmitter stores in NonTg mice. To further explore this mechanism, we repeated this experiment in caffeine after reducing the stimulus intensity to return the fEPSP amplitude to control levels. Under these conditions, there was a transient expression of LTP 20 -30 min after tetanus (106.99 Ϯ 6.8% over caffeine baseline) that returned to pretetanus baseline levels by 50 -60 min (24.29 Ϯ 7.3% over caffeine baseline). However, in the 3xTg-AD mice, caffeine generated different patterns of LTP expression. LTP was greatly increased when compared with its control aCSF baseline (800.84 Ϯ 20.3%), and considerable potentiation remained when compared with its caffeine baseline (143.07 Ϯ 3.2% over baseline). To ensure that caffeine was not altering baseline responses, we also monitored the long-term effects of caffeine and measured baseline synaptic responses at 0.05 Hz for 60 min in 5 mM caffeine (supplemental Fig. 2C , D, available at www.jneurosci.org as supplemental material). Long-term caffeine application results in a stable response over time in both the NonTg (233.43 Ϯ 7.63% over aCSF baseline; t (1,3) ϭ 28.51; p Ͻ 0.05) and the 3xTg-AD (226.45 Ϯ 6.4% over aCSF baseline; t (1,3) ϭ 38.57; p Ͻ 0.05) mice. These results suggest that RyRmediated calcium stores contribute differentially to synaptic plasticity in NonTg and 3xTg-AD mice.
Because caffeine also blocks the inhibitory presynaptic A 1 R, we examined synaptic properties in the presence of DPCPX, a selective A 1 R antagonist to distinguish between A 1 R effects and RyR effects (Fig. 9) . DPCPX resulted in a significant and similar increase in the I/O function for both the NonTg (n ϭ 7; t (1,6) ϭ 4.62; p Ͻ 0.05) and 3xTg-AD (n ϭ 4; t (1,3) ϭ 6.19; p Ͻ 0.05) mice. DPCPX did not change excitability properties of presynaptic fibers in NonTg or 3xTg-AD mice (FV amplitude vs fEPSP slope: one-way ANOVA, F (1,6) ϭ 2.3 for NonTg and F (1,3) ϭ 3.6 for 3xTg-AD; p Ͼ 0.05) (data not shown). DPCPX also did not significantly change PPF properties in NonTg (n ϭ 8) or in 3xTg-AD (n ϭ 9) mice (one-way ANOVA, F (3,16) ϭ 1.16; p Ͼ 0.05). Treatment with DPCPX similarly increased the baseline fEPSP slope in both NonTg (n ϭ 4; 71.47 Ϯ 3.6% over aCSF baseline; t (1,3) ϭ 16.89; p Ͻ 0.05) and 3xTg-AD (n ϭ 4; 84.26 Ϯ 3.6% over aCSF baseline; t (1,3) ϭ 21.68; p Ͻ 0.05) mice. A 1 R antagonism resulted in comparable expression of LTP when compared with control aCSF baseline (248.88 Ϯ 5.3% for NonTg and 235.69 Ϯ 6.1% for 3xTg-AD; t (1,6) ϭ 2.25; p Ͼ 0.05) and baseline in DPCPX (176.64 Ϯ 4.1% in NonTg and 172.82 Ϯ 4.7% in 3xTg-AD; t (1,6) ϭ 1.71; p Ͼ 0.05) in both NonTg and 3xTg-AD mice. To further parse the distinctive functions of the A 1 R and RyR in the NonTg and 3xTg-AD mice, we compared the effects of caffeine (5 mM) and DPCPX (1 M) within each mouse group (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). In the NonTg mice, caffeine and DPCPX generated similar responses in the I/O curves (t (1,10) ϭ 0.19; p Ͼ 0.05) and PPF (t (1,10) ϭ 1.96; p Ͼ 0.05). In 3xTg-AD mice, however, there were significant differences between the effects of caffeine and DPCPX on these synaptic functions. The I/O function was decreased by caffeine but not with DPCPX (t (1,8) ϭ 2.66; p Ͻ 0.05). This discrepant effect may be ascribed to increased coupling efficiency between RyR and postsynaptic hyperpolarizing Ca 2ϩ -activated K ϩ (SK) channels (Stutzmann et al., 2006 resulting in decreased membrane excitability. Furthermore, PPF was decreased to a much greater extent in caffeine than in DPCPX (t (1,16) ϭ 9.13; p Ͻ 0.05), indicating that RyR-mediated ER calcium release plays a prominent role in basal synaptic transmission and presynaptic neurotransmitter release mechanisms in 3xTg-AD mice but is not a dominant modulator of these mechanisms in the NonTg mice. The increase in baseline and LTP expression was much greater with caffeine than with DPCPX in both NonTg (t (1,6) ϭ 17.12; p Ͻ 0.05) and 3xTg-AD (t (1,6) ϭ 17.39; p Ͻ 0.05) mice. The greater increase in baseline and LTP with caffeine could reflect an additive effect of RyR activation as well as A 1 R inhibition and is consistent with increased probability of neurotransmitter release as indicated by decreased PPF with caffeine.
Discussion
Mutant PS1-expressing neurons generate markedly enhanced ER calcium responses from young mice (Stutzmann et al., 2004 (Stutzmann et al., , 2006 , yet existing studies show that synaptic physiology and plasticity appear normal until later A␤ deposition (Oddo et al., 2003; Volianskis et al., 2008) . These observations are inconsistent with the tk; 4known calcium requirements for electrochemical neurotransmission. Tight regulation of calcium signaling is a fundamental component of synaptic transmission, modulating both presynaptic and postsynaptic activity as well as complex processes such as plasticity (Nakamura et al., 2000; Lisman, 2003 , Bardo et al., 2006 . The ER calcium stores are intimately involved in these events while also modifying other calcium sources (Nishiyama et al., 2000; Bardo et al., 2006) . For example, LTP at the CA3-CA1 synapse is initiated by calcium entry through the NMDA receptor, yet total calcium is amplified by calcium-induced calcium release) between and within the IP 3 R and RyR channels (Bliss and Collingridge, 1993; Malenka and Bear, 2004) . Given the profound ER calcium alterations in 3xTg-AD mice at young ages, we hypothesize that synaptic transmission and plasticity alterations are occurring but are masked by compensatory mechanisms. We observed seemingly normal synaptic transmission in the young 3xTg-AD mice, yet, on additional investigation, striking differences involving RyR-sensitive calcium stores become apparent. RyR-evoked calcium release may not play a significant role in basal synaptic transmission in NonTg mice, yet this calcium source aberrantly modifies both presynaptic and postsynaptic transmission in 3xTg-AD mice.
Subcellular patterns of RyR-evoked calcium release
The contribution of ER calcium to synaptic transmission varies according to the subcellular localization of RyR and IP 3 R channels. In CA1 pyramidal neurons, the soma and dendritic shafts express both RyRs and IP 3 Rs, whereas distal processes and spine heads express a greater proportion of the RyR (Fitzjohn and Collingridge, 2002; Hertle and Yeckel, 2007; van de Vrede et al., 2007) . Thus, the RyR is well positioned for modulating incoming synaptic activity.
Before this study, ER calcium release within 3xTg-AD spine heads had yet to be measured and could have been normal, despite demonstrated differences in the soma and proximal dendrites (Stutzmann et al., 2006 . This could account for the apparent similarity between the NonTg and 3xTg-AD synaptic functions. Here we demonstrate that RyR activation results in significant calcium increases within spines and distal dendrites as well as the soma in 3xTg-AD mice. The ER extends into ϳ50% of spine heads, and there can modify synaptic signaling through increased glutamate receptor trafficking, CaMKII activation, modification of spine head geometry, and altering signal integration between neighboring spines (Spacek and Harris, 1997; Mat- The fEPSP slope responses evoked at higher stimulus intensities were not significantly greater than those at 75 A. Top, Representative PPF traces from NonTg (A, black) and 3xTg-AD (B, gray) mice before (1) and after (2) and comparing NonTg (black) and 3xTg-AD (gray) mice after treatment with 10 M dantrolene (C). Bottom, Bar graphs show paired pulse ratio for NonTg (n ϭ 4) (A) and 3xTg-AD (n ϭ 4) (B) mice before (black and dark gray, respectively) and after (white and light gray, respectively) and comparing NonTg (white) and 3xTg-AD (light gray) mice after treatment with 10 M dantrolene (C). D, Left, Graph shows changes in baseline fEPSP slope from NonTg (black circles; n ϭ 4) and 3xTg-AD (gray squares; n ϭ 5) mice after treatment with 10 M dantrolene at a stimulus intensity of 75 A. Right, Representative fEPSP traces from NonTg (black) and 3xTg-AD (gray) mice before (1) and after (2) treatment with dantrolene. Error bars represent ϮSEM, and n denotes number of slices. suzaki et al., 2004; Korkotian and Segal, 2007; Jones et al., 2008) . Thus, the enhanced RyR-mediated calcium release in synapsedense regions of 3xTg-AD CA1 neurons may exert distinct modulatory effects on synaptic signals that are not present in the NonTg neurons.
Selective increase in RyR2 mRNA expression in 3xTg-AD hippocampus
We had shown previously that the 3xTg-AD mice have increased RyR protein expression levels in whole-brain extracts relative to age-matched NonTg mice (Stutzmann et al., 2006) . Here, we further investigated the three RyR isoforms using quantitative PCR methods and found marked increases in the RyR2 isoform in the 3xTg-AD hippocampus (more than fivefold), with relatively little differences in the RyR1 and RyR3 isoforms. In adult rats, all three RyR isoforms are found in the hippocampus, albeit at relatively different levels (Hertle and Yeckel, 2007) . Among them, RyR2 is most heavily expressed in the hippocampus (Mori et al., 2000) , and, interestingly, selective RyR2 knockdown has been shown to impair hippocampaldependent learning and memory (Galeotti et al., 2008) . In the 3xTg-AD mice, the RyR2 upregulation could primarily account for the increased ER calcium release within the hippocampus, although the mechanism for the specific RyR2 increase is unknown.
Uncovering a deviant synaptic signaling role of ER calcium in 3xTg-AD mice: presynaptic and postsynaptic effects In NonTg mice, blocking the RyR produced no changes in PPF, which suggests little RyR-mediated calcium involvement in presynaptic vesicle release. However, in the 3xTg-AD mice, dantrolene increased PPF, suggesting an inhibitory effect of presynaptic RyR-evoked calcium release. Likewise, dantrolene did not affect the I/O function in NonTg mice yet significantly increased the I/O function in the 3xTg-AD mice, particularly at higher stimulation intensities. This is consistent with RyRevoked calcium release activating postsynaptic calciumactivated SK channels (Stutzmann et al., 2006; Brennan et al., 2008) . In parallel with the effects of dantrolene, blocking the SK channel had little effect on the I/O function in NonTg mice yet increased the I/O function in the 3xTg-AD mice at higher stimulus intensities.
Stimulating the RyR with caffeine generated different yet complementary patterns. Caffeine, in addition to activating the RyR, also blocks the inhibitory A 1 R and thereby increases neurotransmitter release via presynaptic disinhibition (Martín and Buño, 2003; Gundlfinger et al., 2007; Wang, 2007) . Consistent with this, caffeine decreased PPF in both mouse strains, although the decrement was significantly greater in 3xTg-AD mice. This may reflect the effects of caffeine on the presynaptic A 1 R in both mouse strains but with additional RyR recruitment in the 3xTg-AD neurons. To dissociate A 1 R effects from RyR effects, we used the A 1 R antagonist (DPCPX) and found similar responses between NonTg and 3xTg-AD neurons. The spontaneous EPSP data also suggest that RyR-mediated calcium release influences both presynaptic and postsynaptic events in the 3xTg-AD mice yet has a significantly smaller role in NonTg mice. RyR activation increases both the frequency and amplitude of spontaneous EPSPs in the 3xTg-AD mice only, consistent with presynaptic and postsynaptic effects, respectively.
Differences in ER calcium contribution to LTP
In NonTg mice, the baseline evoked fEPSP was not significantly affected by dantrolene, which is consistent with the patterns of synaptic activity measured by PPF and I/O functions. Interestingly, the 3xTg-AD neurons exhibit a decrease in the dantrolene baseline compared with the aCSF baseline, (2) and comparing NonTg (black) and 3xTg-AD (gray) mice after treatment with 5 mM caffeine (F ). Bottom, Bar graphs show paired pulse ratio for NonTg (n ϭ 5) (D) and 3xTg-AD (n ϭ 9) (E) mice before (black and dark gray, respectively) and after (white and light gray, respectively) and comparing NonTg (white) and 3xTg-AD (light gray) mice after treatment with 5 mM caffeine (F ). * indicates significantly different from NonTg before caffeine treatment. ** indicates significantly different from 3xTg-AD before caffeine treatment. *** indicates significantly different from NonTg. Error bars represent ϮSEM, p Ͻ 0.05, and n denotes the number of slices.
presumably attributable to decreased presynaptic neurotransmitter release. This demonstrates opposing roles of RyRmediated calcium release between the NonTg and 3xTg-AD mice. When using the dantrolene baseline as a reference for degree of plasticity, LTP decreased in the NonTg and 3xTg-AD mice, consistent with existing literature (Obenaus et al., 1989; Alford et al., 1993; Emptage et al., 1999) . However, these measurements reflect an fEPSP baseline affected by drug application, so we additionally calculated LTP magnitude using the true control baseline. Now, marked differences between the mouse lines arise. When comparing against control fEPSP baseline, there is a modest reduction in LTP expression in the NonTg mice when RyRs are blocked, yet there is a shift from LTP to LTD in the 3xTg-AD mice. Basal synaptic transmission properties are differentially regulated by RyR between the NonTg and 3xTg-AD mice; therefore, subsequent interpretation of plasticity mechanisms relative to drug baselines will also need to be considered differently.
With caffeine, both NonTg and 3xTg-AD mice exhibited a striking increase in drug fEPSP baseline over predrug fEPSP baseline, which likely reflects increased neurotransmitter release via A 1 R antagonism. Using the caffeine baseline, there was no additional LTP increase in the NonTg mice, possibly resulting from depletion of presynaptic neurotransmitter pools. By reducing the stimulus intensity to return the fEPSP amplitude in caffeine back to original baseline levels, the likelihood of depletion becomes more evident. Here, short-term potentiation is seen but long-term effects are not sustained. In contrast, the 3xTg-AD mice generated considerably greater LTP in caffeine, demonstrating a large reserve for LTP enhancement. These distinctions exposed by RyR manipulation further demonstrate opposing contributions of RyR-sensitive calcium release to plasticity expression between the NonTg and 3xTg-AD mice.
Differential responses to high and low stimulus intensities reflect distinct presynaptic and postsynaptic RyR effects in 3xTg-AD mice In the 3xTg-AD mice, RyR blockade appears to exert conflicting effects on synaptic transmission. Dantrolene reduced the baseline field potential slope recorded before the LTP tetanus yet increased the slope of the I/O functions and increased the PPF ratio. These discrepancies can likely be explained by stimulus strength differences differentially affecting presynaptic and postsynaptic functions. For LTP baseline and PPF recordings, relatively low stimulus intensities (ϳ20 -25 A) were used. PPF is inversely correlated to presynaptic calcium entry, so when blocking RyR-calcium release in the terminal, vesicle release/synaptic strength decreases and PPF increases. This is consistent with the decreased pre-LTP baseline measurements in dantrolene. However, with the higher stimulus intensities used in the I/O functions, the postsynaptic recruitment of inhibitory RyR-activated SK channels overcomes the presynaptic effects. The coupling or efficiency between RyR-mediated calcium release and the SK channel is significantly greater in the 3xTg-AD mice, such that the same ER calcium response generates a larger outward current in the 3xTg-AD neurons than in NonTg neurons (Stutzmann et al., 2006 . At higher stimulus intensities, blocking this inhibitory influence therefore results in a greater evoked field potential response. In support of these observations, apamin, Figure 8 . Effect of activating RyR-mediated ER Ca 2ϩ stores on LTP in NonTg and 3xTg-AD mice. A, Graph shows changes in baseline fEPSP slope from NonTg (black circles; n ϭ 4) and 3xTg-AD (gray squares; n ϭ 4) mice after treatment with 5 mM caffeine. B, Bar graph shows fEPSP slope of pretetanus (white and light gray, respectively) and posttetanus (black and gray hatched, respectively) baselines in presence of caffeine as percentage of precaffeine baseline (black and dark gray, respectively) in NonTg and 3xTg-AD mice. C, Top, Representative pretetanus fEPSP traces before (1) and after (2) treatment with caffeine and posttetanus fEPSP traces (3) with caffeine from NonTg (black) and 3xTg-AD (gray) mice. Bottom, Graph shows averaged time course of LTP with predrug baseline and pretetanic and posttetanic baseline with caffeine treatment from NonTg (black circles) and 3xTg-AD (gray squares) mice. D, Top, Representative pretetanus fEPSP traces before (1) and after (2) treatment with caffeine and posttetanus fEPSP traces (3) with caffeine from NonTg mice (black). Bottom, Graph shows averaged time course of LTP with predrug baseline and pretetanic and posttetanic baseline with caffeine treatment from NonTg mice (black circles; n ϭ 4). Here, the stimulus intensity was adjusted so that the fEPSP size after caffeine treatment matched the precaffeine fEPSP size. The tetanus was applied at the readjusted stimulus intensity. The black arrow indicates the time of tetanus. * indicates significantly different from NonTg before caffeine treatment. ** indicates significantly different from 3xTg-AD before caffeine treatment. Error bars represent ϮSEM, p Ͻ 0.05, and n denotes the number of slices.
which selectively blocks the SK channel, increased the I/O functions in the 3xTg-AD mice but had no effect in the NonTg mice.
The dissociation between high and low stimulus intensity effects in the 3xTg-AD mice was further verified by repeating the LTP baseline and PPF protocols using higher stimulus intensities that generated near-maximal fEPSPs. There was a significant increase in the fEPSP slope with dantrolene and no change in the PPF, demonstrating a net inhibitory postsynaptic effect of RyR-evoked calcium release on synaptic function. In addition, the excitatory effects of dantrolene seen at higher stimulus intensities are reversed at low and threshold stimulus intensities; here, dantrolene suppresses fEPSPs.
Despite the profound differences in ER calcium release in distal dendrites and spine heads, synaptic function does not appear disrupted in the young 3xTg-AD mice. This suggests that neurons are maintaining a "normal" state, but, in actuality, compensatory mechanisms are likely being recruited to maintain homeostasis. In summary, there are subtle yet profound calcium-mediated alterations in young 3xTg-AD mice that affect synaptic transmission and plasticity mechanisms in the short term and may contribute to more extensive pathology in synaptic function and cognitive deficits in the later stages of AD. . D-F, PPF was measured at an interstimulus interval of 50 ms. Top, Representative PPF traces from NonTg (D, black) and 3xTg-AD (E, gray) mice before (1) and after (2) and comparing NonTg (black) and 3xTg-AD (gray) mice after treatment with 1 M DPCPX (F ). Bottom, Bar graphs show paired pulse ratio for NonTg (n ϭ 8) (D) and 3xTg-AD (n ϭ 9) (E) mice before (black and dark gray, respectively) and after (white and light gray, respectively) and comparing NonTg (white) and 3xTg-AD (light gray) mice after treatment with 1 M DPCPX (F ). G, Graph shows changes in baseline fEPSP slope from NonTg (black circles; n ϭ 4) and 3xTg-AD (gray squares; n ϭ 4) mice after treatment with 1 M DPCPX. H, Top, Representative pretetanus fEPSP traces before (1) and after (2) treatment with DPCPX and posttetanus fEPSP traces (3) with DPCPX from NonTg (black) and 3xTg-AD (gray) mice. Bottom, Graph shows averaged time course of LTP with predrug baseline and pretetanic and posttetanic baseline with DPCPX treatment from NonTg (black circles) and 3xTg-AD (gray squares) mice. The black arrow indicates the time of tetanus. Error bars represent ϮSEM, p Ͼ 0.05, and n denotes the number of slices.
